This study was concerned about an estimation of molecular diffusivity (Dm) in liquid phase systems. An equation based on the absolute rate theory of diffusion was derived by considering the aggregation of not only solvent molecules, but also solute molecules. It was also studied how the replacement of the molar volume of a solvent with its molecular weight influences the accuracy in estimating Dm. The values of Dm estimated by the equation were compared with those experimentally measured. The mean square deviation for the estimation of Dm was calculated as being about 14% for 217 Dm data measured in aqueous solutions of methanol and acetonitrile, which is comparable to that obtained by the Wilke-Chang equation. However, Dm of some solutes in carbon tetrachloride was more accurately estimated by this equation than by the Wilke-Chang equation. It is expected that the equation proposed in this study is effective for estimating Dm in liquid phase systems.
Introduction
Information about molecular diffusivity (Dm) is essential for any kinetic study on mass transfer phenomena. It must be preferable to measure Dm in practical experimental systems. The value of Dm depends on the experimental conditions, such as the size of the solute molecule, the viscosity of the solvent, and the temperature. Many kinds of methods have been proposed for measuring Dm, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] i.e., the diaphragm-cell method, 1 optical methods (e.g., light scattering 6 ), spectroscopic methods (e.g., nuclear magnetic resonance 3 ), the Taylor method, 2, 4, 7, 8 and the peak parking method. 9, 10 Accurate values of Dm can be obtained by these methods. However, it is required in some cases to use large scaled equipment, or very expensive analytical instruments and to repeat tedious and complicated experimental procedures for the measurement of Dm.
Because of problems involving the instrumental methods described above, Dm has frequently been estimated by using literature correlations. 11 It seems that the Wilke-Chang equation is the most widely used for this purpose, 
where T is the absolute temperature, α the association coefficient, M the molecular weight, η the viscosity, and Vb the molar volume at the normal boiling point. Subscripts a and sv stand for the solute and solvent, respectively. However, Eq. (1) cannot necessarily be applied to any liquid phase system. The following four problems have been pointed out concerning Eq. (1):
(i) Regarding the value of α, its concrete values have been proposed for only limited solvents, as follows: water (2.6), methanol (1.9), ethanol (1.5), and unassociated solvents, such as benzene and diethylether (1.0). [12] [13] [14] [15] [16] [17] When α of a solvent is not obtained, Eq. (1) cannot be used for estimating Dm.
(ii) It was suggested that the exponent of Vb,a, i.e., 0.6, is too small, and it should be 0.7.
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(iii) In Eq. (1), the influence of the volumetric size of a solvent molecule on Dm is represented by its molecular weight (Msv). Although the liquid density of many organic compounds ranges between ca. 0.7 and 1.2 g cm -3 , that of halogenated organic compounds, such as carbon tetrachloride (1.58 g cm -3 ) and chloroform (1.48 g cm -3 ), is out of this range. This must cause an error in the estimation of Dm.
(iv) It was reported that the value of Dm estimated by Eq. (1) is larger than that experimentally measured by a factor of about 2.3 when water and organic solvents are, respectively, used as the solute and the solvent. 20 This suggests that molecular aggregation must be considered not only for the solvent, but also for the solute when Dm is quantitatively estimated. The difference between the Dm values estimated and those measured was quantitatively explained by assuming the formation of a tetramer of water molecules because 4 0.6 = 2.3 (see Eq. (1)). The Wilke-Chang equation is an empirical correlation, which was derived by analyzing experimental data of Dm. However, the basic formula of Eq. (1) seems to fundamentally originate from the molecular model of diffusion in the absolute rate theory. 21 In the theory, the diffusion coefficient (D) is represented as
where k is the Boltzmann constant. Because 1 is related to the size of the solvent molecule, 1 would be proportional to the one third power of its molar volume (Vsv). When plural solvent molecules aggregate, the substantial volume of the solvent is represented as the product of αsv and Vsv. On the other hand, 2 and 3 are related to the size of the solute molecule. The product of 2 and 3 would be proportional to the two thirds power of its molar volume (Va). When the aggregation of solute molecules is considered, the solute volume is similarly represented as the product of the association coefficient for the solute (αa) and Va. On the basis of these considerations, Eq. (2) is modified as follows:
where X is a constant. Equation (3) corresponds to the second, third, and fourth points described above. The comparison of Eqs. (1) and (3) 
Experimental

Apparatus
The value of Dm was measured by peak parking experiments, which were carried out using a micro-HPLC system consisting of a high pressure pump (PU-980, JASCO, Tokyo, Japan), a split value, a nano-injector (Cheminert Model C4, Valco Instruments, Houston, TX), a fused silica capillary hollow tube (475 mm × 100 μm i.d.) containing no packing material, and a capillary UV-VIS spectrophotometric detector (UV-2075, JASCO, Tokyo, Japan). The capillary tube was placed in a jacket, through which water of a constant temperature (298 K) was circulated by a water bath (NCB-1200, Eyela, Tokyo, Japan). Information about the elution peak profile was acquired and analyzed using BOWIN software (JASCO, Tokyo, Japan).
Reagents
Methanol was used as the solvent. Alkylbenzene homologues (benzene -butylbenzene) were used as the solute. They were of HPLC or reagent grade, and were used without further purification. Each sample solution was prepared by dissolving one of the solute compounds into methanol at 10 mg mL -1 .
Procedure
In this study, the peak parking experiments were carried for measuring Dm of the solute compounds in methanol. A small volume (20 nL) of the sample solutions was injected into the fused silica capillary hollow tube using a nano-injector. After a small solute pulse was injected, methanol was continuously flowed at a constant velocity until the sample pulse reached around the axially middle part of the tube. Then, the flow of methanol was interrupted for a while. The solute band diffused in the axial direction of the capillary tube under non-retained conditions during this period, which is called the peak parking time (tp). There was no convective flow of methanol during tp. The band elution was resumed after tp in order to record the elution peak profile.
The flow rate of methanol was measured as 0.85 μL min -1 from the elution time of the solutes at tp = 0 min. The split ratio of methanol at the split valve was about 1:120. The flow velocity was managed with a relative error of less than ca. 2 -3% in most peak parking experiments. It was also confirmed at every sample injection that the column temperature was kept at 298 ± 0.1 K. The maximum value of tp was changed in the range from 180 to 360 min, depending on the diffusivity of the solutes. All of the peak parking experiments was carried out in duplicate, at least under each set of experimental conditions. As explained in the following, the value of Dm of the solutes was obtained from the slope of the linear correlation between σax,mol 2 and tp.
Data analysis
The variance (σax,mol 2 ) of the elution peak increases with an increase in tp because of the additional band broadening during tp.
Because σax,mol 2 is proportional to tp, σax,mol 2 is linearly correlated with tp. The value of Dm is equal to the effective axial diffusion coefficient (Dax,m), which is obtained from the slope of the linear correlation between σax,mol 2 and tp, because the solute molecules diffuse in a straight channel of a constant diameter with no packing material. Figure 1 shows plots of the increment of σax,mol 2 against tp for the alkylbenzene homologues in methanol. Although there is some scatter, linear correlations are observed. The maximum value of tp is different due to the diffusivity of the solute compounds. In comparison with the maximum value of tp for benzene (180 min), it was 360 min for butylbenzene, which is longer by a factor of 2. The slope of the linear correlations decreases with an increase in the molecular weight (M) of the solute compounds. This means that the diffusivity of the solutes reasonably decreases with increasing Ma. According to Eq. (4), the value of Dax,m (hence, Dm) at 298 K was obtained from the slope of the linear correlation as 2.2 × 10 -5 cm 2 s -1 for benzene. This value is fairly close to the data of Dm previously reported. The value of Dm of benzene in methanol was reported to be 2.66 × 10 -5 cm 2 s -1 at 298 K. 22 Although the temperature condition is slightly different, Dm in the same liquid phase system was also reported to be 2.15 × 10 -5 cm 2 s -1 at 303 K. 8 
Results and Discussion
Determination of Dm of alkylbenzene homologues in methanol
Molecular volume of solute
In Eq. (1), the molecular volume of a solute is represented by using Vb,a. The value of Vb,a is calculated by summing the contribution of atoms, which consist of the solute molecule. On the other hand, it is also represented by using Va, which is calculated as the ratio of Ma to the density (da). It was studied which parameter, i.e., Va or Vb,a, should be used for representing the molecular volume of the solute. Figure 2 illustrates the correlation between Va 2/3 and Vb,a 2/3 of 64 compounds, which are frequently used as the solute and the solvent. The exponent was chosen to be 2/3, because the value was suggested in the absolute rate theory of diffusion, as indicated in Eq. (2). It was also pointed out that the exponent of Vb,a in Eq. (1), i.e., 0.6, was too small, and that it should be 0.7. 19 In Fig. 2 , although the values of Va 2/3 is slightly smaller than those of Vb,a 2/3 , most plots are located between the diagonal line and the limitation of a -10% relative error. This means that Va can be replaced by Vb,a with a relative error of less than about 10%. Although it is hard to obtain the value of da (hence, Va) when the solute is solid under the experimental conditions, a numerical calculation of Vb,a is relatively easy. It is more convenient to use Vb,a than Va. The results given in Fig. 2 indicate that Vsv can also be replaced by Vb,sv because Vsv is similarly calculated as Msv/dsv.
However, it seems that information about dsv can usually be obtained for conventional solvents.
Molecular volume of a solvent
As explained earlier, Vsv in Eq. (3) . The value of dsv of most organic solvents ranges from ca. 0.7 to 0.9 g cm -3 . However, there are many solvents, of which dsv is larger than that in this range. For example, the relatively large value of dsv is observed when a halogen atom is included in the solvent molecule. The dsv value of carbon tetrachloride, chloroform, and dichloromethane is 1.58, 1.48, and 1.32 g cm -3 , respectively. In such cases, the replacement of Vsv with Msv provides a significant influence on the estimation of Dm. Similar to Fig. 2, Fig. 3 illustrates the correlation between Vsv 1/3 and Msv 1/2 of the 64 compounds. In Fig. 3 , they are hypothetically divided into four groups according to their dsv value, i.e., (1) dsv < 0.9 g cm -3 , (2) 0.9 < dsv < 1.1 g cm -3 , (3) 1.1 < dsv < 1.6 g cm -3 , and (4) dsv > 1.6 g cm -3 . Figure 3 indicates that many compounds are included in the group (1 -3 , respectively. The results in Fig. 3 indicate that the replacement of Vsv in Eq. (3) with Msv in Eq. (1) causes an error in the estimation of Dm when dsv varies. It seems to be preferable to use Vsv, not Msv, for representing the influence of the molecular volume of the solvent on Dm. According to the absolute rate theory, the exponent for Vsv was assumed to be 1/3 in this study.
Estimation of α of solutes and solvents
In Eq. (1), the influence of the aggregation of solvent molecules on Dm is explained by using αsv. The substantial molar volume of the solvent must increase when polar solvent molecules aggregate with each other, for example, due to the hydrophilic interactions. The value of αsv represents the degree of aggregation. On the other hand, it is well known that the evaporative energy (ΔEv) of a solvent varies when the aggregation takes place. For example, the ΔEv value of water is relatively large, although its molecular weight is quite small. It is widely accepted that plural water molecules aggregate. In addition, ΔEv is correlated with an important parameter of liquids, i.e., the solubility parameter (d). It was proposed by Hildebrand to represent the miscibility of solvents, which is defined as the square root of ΔEv per unit volume of the solvent. It is expected that there would be a kind of correlation between αsv and d.
In a previous paper, 23 it was reported that the value of αsv can be estimated from that of d, as illustrated in Fig. 4 . Figure 4 shows the correlation between αsv and d. Concrete values of αsv have been proposed only for limited solvents, i.e., water (2.6), methanol (1.9), ethanol (1.5), and unassociated solvents (1.0) such as benzene and diethylether. [12] [13] [14] [15] [16] [17] In Fig. 4 , αsv of benzene is assumed to be unity, as suggested in the reference. 12 1/2 for benzene, ethanol, methanol, and water, respectively. Although there is some scatter, it seems that in Fig. 4 there is a curved correlation convex upward between αsv and d. The solid curved line is drawn on the basis of the four solid plots corresponding to the four solvents, of which the values of αsv have previously been proposed. It seems that both αsv and d increase with increasing polarity of the solvents, and that they represent the aggregation of solvent molecules. Figure 4 indicates that αsv of a given solvent can be estimated from its d. The value of αa can also be obtained if d of a solute is known. The value of d has been measured for many compounds, and reported in literature because it is the parameter that represents one of important physico-chemical characteristics of liquids. Additionally, even if the d value of an objective compound is not reported, it can be estimated by using the Hildebrand rule, 24, 25 or from other parameters, such as the enthalpy change of evaporation, surface tension, and the solubility. The value of d is also estimated by another approach. Hansen extended the Hildebrand parameter by assuming that d 2 consists of three contributions due to the dispersion force, electrostatic interaction, and hydrogen bonding. 26, 27 The values of the contributions are calculated from a set of information about the heat of vaporization, molar volume, dipole moment, and refractive index. They are also calculated by group contribution methods. It is concluded that d is useful for estimating α, because d of many solvents have already been reported, and some methods can be used to calculate d values even if there is no datum concerning d. Figure 5 illustrates the correlation between Dm and T(αsvVsv) 1/3 / [ηsv(αaVb,a) 2/3 ] for the five data of Dm, which were experimentally measured by the peak parking method in this study. Although there is some scatter, a linear correlation passing through the origin is observed between Dm and T(αsvVsv)
Determination of X
]. The value of X in Eq. (3) is obtained as 2.0 × 10 -7 from the slope of the solid line.
Estimation of Dm
In Fig. 6a , the values of Dm estimated by Eq. (3) are compared with those experimentally measured in aqueous solutions of methanol and ACN. The superscripts cal and exp stand for the estimated value and the experimental datum, respectively. The solid and dashed lines indicate the diagonal line and the limitation of the relative error of ±20%. Open and solid circles indicate the Dm data in methanol/water and ACN/water systems, respectively. The αsv value for methanol was 1.9, as proposed in the literature. [12] [13] [14] [15] [16] [17] On the other hand, αsv for ACN was estimated to be 1.37 from the curved profile in Fig. 4 , because d of ACN is 12.11 (cal cm -3 ) 1/2 . 23 The αa values for some polar solute compounds were also estimated in the same manner. Although some plots scatter outside the limited region, most plots of open and solid circles are located between the lines of the relative 
where N is the number of data pairs of Dm exp and Dm cal . The value of MSD was calculated as 14% for the 217 Dm data reported in the reference. 8 It is concluded that Eq. (3) based on the absolute rate theory of diffusion is effective for estimating Dm, although X must be determined from Dm data measured or reported in objective liquid phase systems, because it is an empirical parameter. In this study, the value of X was derived from the five Dm data of alkylbenzene homologues in methanol, experimentally measured. However, the 217 Dm values could be estimated with reasonable accuracy on the basis of the X value. This means that Eq. (3) can appropriately represent the influence of the experimental conditions, such as the size of the solute molecule, the viscosity of the solvent, the degree of aggregation between solute molecules and/or between the solvent molecules, and the temperature, on Dm. It would be research subjects in the next steps to acquire data for X in various liquid phase systems, and to clarify the physical meanings of X.
In the same manner, Fig. 6b 
Conclusion
It was indicated that Eq. (3), which is based on the absolute rate theory of diffusion, is effective for estimating Dm. The following two revisions are important for improving the accuracy in the estimation of Dm. First, Eq. (3) is derived by considering the aggregation of not only the solvent molecules, but also the solute molecules, by using αa and αsv. Second, the influence of the volumetric size of the solvent molecule on Dm is represented by its molar volume (Vsv or Vb,sv), not the molecular weight (Msv). The Dm values estimated by Eq. (3) using αa and αsv, calculated from d, were compared with those reported in the literature, which were experimentally measured. The MSD for the estimation of Dm was calculated as 14% for 217 Dm data measured in methanol/water and ACN/water systems. The accuracy in the estimation of Dm by Eq. (3) is comparable with that by Eq. (1). It was also clarified that Dm of some solutes in carbon tetrachloride can more accurately be estimated by Eq. (3) than by Eq. (1). It is concluded that Eq. (3) is effective for the estimation of Dm in liquid phase systems.
